Atmospheric noise signals are fundamental limitation of free-space optical communications, as the decrease in signal-to-noise ratio reduces the range and/or bandwidth of the link. In this paper we consider the limitations that this imposes, and investigate the use of discrete wavelet transformation (DWT) to overcome them. Simulations are performed to validate the use of the DWT in the demodulation of the analog data in the presence of noise. Results of the experiments are presented.
INTRODUCTION
Free-space optical (FSO) communications links have the potential to deliver high bandwidth due to the high carrier frequency as compared with RF links. They have the advantages of being rapidly deployable and less expensive to install than optical fiber systems. The low divergence of laser beams means that FSO systems are intrinsically low probability of intercept in comparison to RF, and being 'line-of-sight' avoids wasteful use of both the frequency domain (bandwidth allocation) and the spatial domain. Another advantage of FSO communications link over RF communications is the large unregulated bandwidth as compared with the heavy traffic and expensive bandwidth allocations for RF links.
However, one of the main factors reducing SNR in FSO communications is atmospheric noise due to turbulence. Atmospheric turbulence produces temporary pockets of air with slightly different temperatures and pressures, and therefore with slightly different indices of refraction. 1 namazi@cua.edu; phone 1 202 319-6153; fax 1 202 319-5195
These turbulence cells act as small, weak lenses that deflect the light slightly and cause distortions in the wave front as a laser beam propagates through the atmosphere. The resulting variation in the arrival time of various components of the beam produces constructive and destructive interference at the receiver, causing fluctuations in laser beam intensity. These rapid fluctuations are known as scintillation and occur on a time scale comparable to the time it takes these cells to move across the beam path due to the wind (typically on the order of a millisecond).
Turbulence also causes another noise signal due to insufficient AC-coupling. Here, in transmission through the atmosphere, turbulence causes very large swings in the average received power, on the order of tens of dB, on time scales from dc up to several kilohertz. This causes the average received AC signal to NOT be clamped at zero volts.
There are many instances in which it is desirable to send analog data directly over a FSO communication link without sampling and digitizing the data first. For example, in some remote sensing applications it would be advantageous to transmit the raw analog data so that the hardware necessary for sampling and digitizing the data could be located at a different location. However, atmospheric turbulence as discussed above makes this process problematic. Methods to correct the aberrations caused by atmospheric turbulence and to thus enable transmission of analog data over a FSO link are being explored. A technique employing dual wavelengths has previously been demonstrated to be effective in mitigating scintillation noise by using common mode rejection to remove co-channel noise [1] . An alternative approach, which obviates this, is to use sub-carrier multiplexing [2] . This paper deals with a scenario for which a frequency-modulated waveform is transmitted through an FSO channel. We investigate the use of discrete wavelet transformation (DWT) to demodulate the FM signal in the presence of various noises.
MATHEMATICAL MODELING OF RECEIVED FSO SIGNAL
This section is concerned with the mathematical description of the received FSO signal. The received waveform can be described as
FM r t x t t m t w t
In Equation (1) ( )
FM
x t is the information-bearing, frequency-modulated waveform and ( ) t σ signifies the atmospheric scintillation noise. In addition, the model (1) assumes two types of additive noise. The first noise, ( ) m t , stands for the relatively low-frequency fluctuations of the signal mean value caused by insufficient AC-coupling. The second additive term, ( ), w t characterizes the white Gaussian noise (AWGN) with zero-mean. Furthermore, in (1), the frequency-modulated waveform is formed as
In Equation (2), ( ) d t represents the information (analogue) data, A is a gain, f k is the modulation index [3] , and c ω is the carrier frequency.
In the following section we use Discrete Wavelet Transformation (DWT) to process ( ) r t in (1) for noise reduction.
3.

FILTERING USING DISCRETE WAVELET TRANSFORM
This section deals with the application of the Discrete Wavelet Transformation (DWT) in denoising of the received waveform ( ) r t . The DWT is a powerful iterative technique for decomposition of a signal into approximation (low frequency) and detail (high frequency) waveforms at consecutive levels [3] . The process begins by decomposing the coefficients of the first level of decomposition of the signal into coefficients of approximation, cA 1 , and coefficients of detail, cD 1 . With the same manner, the coefficients cA 1 are further decomposed into cA 2 and cD 2 to generate the second level of decomposition. The process can continue for the ith level of decomposition for which cA i and cD i are evaluated from cA i-1 . At each level, the DWT coefficients can be used to reconstruct the approximation and the detail of the original signal.
The DWT in our problem can be performed on the received waveform (1) in two successive steps. In the first step, an estimation-subtraction scheme is devised. Here, the low frequency noise ( ) m t is estimated by finding the approximations of ( ) r t in an appropriate level. This should result in ^( ) m t . Consequently, to cancel ( ) m t we form a subtraction process as follows:
Hence, the received signal, after cancellation of ( ) m t becomes
The next step deals with the cancellation of the low frequency scintillation noise ( ) t σ . As an intermediate step, it is conceivable to form the square of the new signal shown in (4) as
t r t x t t w t w t x t t
Application of (2) It is observed from (6) that the square process has enhanced the difference between the low and high frequency components of the received signal; hence, it is more effective to use DWT for signal separation. Consequently; by finding the DWT approximations of 2 ( ) r t in an appropriate level; the useful part of (6), 
FM r t r t x t w t t
In (7) it is assumed that
Note from (7) that 3 ( ) r t represents a standard received FM signal that can be demodulated using any conventional FM demodulator. Figure 1 illustrates the entire process. In the following section we present the results of the simulation experiments.
EXPERIMENTS
This section deals with the presentation of the results of the experiments. The experiments are presented in two categories; namely, quantitative and qualitative. In all experiments, the carrier signal cos c t ω was used with c ω = 2π × (1.36 MHz).
In the quantitative experiment, the received signal (1) 
In the qualitative experiments, we use a still image as the data ( ) d t . In all experiments, the sampling radian frequency was assumed to be 5× c ω . In addition, the noise signals ( ) t σ and ( ) m t were duplicated from a real FSO channel and the AWGN noise ( ) w t was synthetically generated in MATLAB. The data was processed in one frame of 990,000 sample points. The low frequency noise ( ) m t was cancelled as shown in (3) using the DWT with the Daubechies 20 (db20) mother wavelet with 6 decomposition levels. Also the desired signal in (6) was separated using db20 mother wavelet with 10 decomposition levels. The Signal-to-Noise Ratio (SNR) was defined as Figure 9 shows the result of the qualitative experiment. Figure 2 illustrates the FM/FSO signal ( ) r t represented by Equations (1) and (2). Figure 3 highlights the signal 1 ( ) r t , shown by Equation (4), and the signal 3 ( ) r t , represented by Equation (7). This figure shows that the DWT is quite successful in deleting ( ) m t and undoing the impact of ( ) t σ . Further, the figure indicates that, the reduction of ( ) t σ using DWT can be viewed as an effective automatic gain control system, which performs successfully in the presence of relatively large value of AWGN. Figure 4 displays the actual and the estimated scintillation noise. This figure reveals that the algorithm is quite successful in estimating the scintillation noise. Figure 5 shows a close-up view of the actual and demodulated FM/FSO signal and Figure 6 depicts the actual and demodulated FM/FSO data for various SNR levels. This figure
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HighFrequency Noise w(t) Using DWT Square Root Device further validates the robustness of the method in performing under various noise levels. Figure 7 shows the Error Energy versus the SNR level. This figure demonstrates that the performance of the algorithm consistently improves as SNR increases. Figure 8 shows Mean-Square Error versus SI for various levels of SNR. This figure highlights the important result that the performance of the algorithm is nearly identical under various SI values and for fixed SNR. In other words, the method is insensitive to the scintillation noise. To investigate the algorithm in the qualitative way, we assume that the original message ( ) d t is the row-ordered vector of the still image shown in the topleft corner of Figure 9 . The First row of Figure 9 from left to right shows the real data, and the demodulated FM/FSO signal for SNR = 20 dB, and SNR = 10 dB. Accordingly, the second row of this figure from left to right depicts the demodulated signal for SNR = 0 dB, SNR = -10 dB, SNR = -20 dB. This figure also validates the overall satisfactory performance of the algorithm.
SUMMARY AND CONCLUSIONS
Atmospheric noise signals are fundamental limitation of free-space optical communications. In this paper we presented the limitations that this imposes, and investigated the use of discrete wavelet transformation (DWT) to overcome them. Experiments were performed to validate the use of the DWT in the demodulation of the FM data in the presence of scintillation noise, noise due to insufficient AC-coupling, and AWGN. It was demonstrated that that the use of DWT, as explained in the paper, is quite effective in reducing the joint effects of the atmospheric as well as the additive white Gaussian noises. 
